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Abstract  

Polycrystalline yttrium-doped barium zirconate with composition BaZr0.85Y0.15O2.925 has been fabricated from 

nanopowders synthetized by a modified EDTA-citrate complexing method and conventionally sintered at 

1600 °C for 24h. The material exhibits a single cubic perovskite phase, with a homogeneous, dense and fine-

grained microstructure consisting of equiaxed grains with an average size of 0.2 µm. Mechanical tests were 

carried out in compression between 1100 and 1325 °C in air at constant initial strain rate and at constant load. 

As the temperature increases and/or the strain rate decreases, a gradual transition from brittle-to-ductile be-

havior was found. In the brittle regime, the fracture is governed by an intergranular failure mode. In the ductile 

region, grain boundary sliding is the main deformation mechanism, characterized by a stress exponent of 2 

and an activation energy of 570 kJ/mol. This is the first report on the creep properties of barium zirconate.  
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1 Introduction 

Mixed metal oxides of formula ABO3 (where A and B denote site cations) with perovskite structure are receiv-

ing increasing attention due to their outstanding physical and chemical properties for important practical ap-

plications in many fields, particularly in electrical insulation (pyro- and ferroelectricity), solar cells, chemical 

sensors and memory devices, and more recently in the field of electrochemical energetics as electrolytes in 

solid oxide fuel cells (SOFCs) due to their high proton conductivity at intermediate and elevated temperatures 

[1-4]. Substitution of B sites by trivalent ions in these perovskite oxides causes the formation of oxygen vacan-

cies, which allow for protonic conduction upon exposure to water vapor at relatively high temperatures. How-

ever, practical use of SOFC devices are presently limited by concerns of long-term durability and reliability [5-

7]. Physical and chemical alterations, creep deformations and thermo-elastic mismatches between SOFC com-

ponents induce severe stresses in the system, giving raised to a variety of degradation mechanisms which limit 

the overall performance of the device [8-11]. 

Yttrium-doped barium zirconate is a prototype of proton conducting perovskites, exhibiting an elevated elec-

trical conductivity and an excellent chemical stability over a large range of temperatures and oxygen partial 

pressures [3, 12, 13]. Numerous studies have investigated their processing, structure and electro-chemical 

characteristics [3, 14-18]. However, the high-temperature mechanical response of these protonic conducting 

materials has not been reported yet, despite the utility of such investigations for predicting the mechanical 

degradation and performance of these device components. Furthermore, high-temperature plastic defor-

mation studies provide valuable information about mass transport-controlled processes, such as sintering, 

densification and grain growth, which are essential to devise optimum processing schedules. 

The objective of this work is therefore to study their mechanical behavior of 15 at% yttrium-doped barium 

zirconate policrystals at elevated temperatures. Compressive deformation tests were carried out at constant 

cross-head speed and at constant load in the temperature range between 1100 and 1325 °C in air. Mechanical 

data have being correlated with microstructural observations in order to identify the underlying microscopic 

mechanisms responsible for the plastic deformation.  

2 Experimental  detai ls  

2.1 Sample preparation  

Dense 15 at% Y-doped barium zirconate BaZr0.85Y0.15O2.925 (BZY) polycrystals have been fabricated by a conven-

tional ceramic route starting from nanopowders synthesized by a combined ethylene-diamine-tetraacid 

(EDTA)/citrate complexing method [19]. High purity (> 99.5%) commercial powders of Ba(NO3)2 (Alfa-Aesar), 

Y(NO3)3·6H2O (Alfa-Aesar) and ZrO(NOx)·yH2O (Strem Chemicals) were used as starting precursors.  Proper 

amounts of nitrates were dissolved in ultra-pure water, followed by the addition of citric acid and EDTA as 

chelating agents; aqueous ammonia was also added to facilitate EDTA dissolution. The reaction solution was 

heated at 100 °C under continuous stirring to obtain a viscous gel, which was submitted to microwave-assisted 



combustion for 2 h, resulting a blackish porous precursor. This precursor was then calcined at 1000 °C for 5 h 

in air to obtain a single crystalline phase powder (as checked by X-ray diffraction, see below), which was uni-

axially pressed at 100 MPa and then isostatically pressed at 750 MPa for 10 min. These green compacts were 

finally sintered at 1600 °C for 24 h in air. To prevent barium evaporation during sintering, the pellets were 

buried into a powder mixture of the fabricated BZY powder with a 10 wt%-excess barium carbonate [14]. Bulk 

densities of 5990 ± 20 kg/m3 were determined by weight/dimensions measurements, corresponding to a rel-

ative density of 97.1 ± 0.3 %; a theoretical value of 6166 kg/m3 has been used for 15 at% yttrium-doped barium 

zirconate, assuming a lattice parameter of a = 4.223 Å for this composition (as experimentally found, see be-

low). 

 

2.2 Structural and microstructural characterization  

The structural analysis of the crystalline phases in both the calcined powders and sintered polycrystals was 

performed by using a Brucker AXS Advance D2 diffractometer (X-Ray Laboratory, SPMS, Centrale Supelec, 

France) in Bragg-Brentano configuration with Cu-Kα radiation (λ = 1.54060 Å) filtered with nickel. Data were 

collected in the 2θ region between 20° and 130° with a step size of 0.02° and 10 s/step of acquisition. X -ray 

spectra were processed by the Le Bail refinement method using the EVA2 Brucker AXS software package and 

the reference pattern 04-015-2511 (PDF-2002 ICDD database) corresponding to BaZr0.8Y0.2O3-δ (a = 4.22 Å, cu-

bic Pm3̅m).  

 The microstructural characterization of as-prepared and deformed polycrystals was performed using a high-

resolution FEI Teneo scanning electron microscope (HRSEM) (Microscopy Service, CITIUS, University of Sevilla, 

Spain). To reveal grain boundaries, longitudinal sections were cut from the samples, mechanically polished 

and then thermally etched at 1300 °C for 3 hours in air. The most relevant morphological parameters, the 

grain size d (taken as the equivalent planar diameter) =4(grain area)/π1/2, form factor F = 4π (grain area)/(grain 

perimeter)2 and orientation angle θ of the largest grain diameter were measured from SEM micrographs using 

a semiautomatic image analyzer averaging over more than 500 grains. Fracture surfaces of strained samples 

that either failed during testing or were intentionally broken at room temperature were also characterized by 

HRSEM. The internal structure of the grains was examined in a FEI Talos transmission electron microscope 

(TEM) operating at 200 kV voltage (Microscopy Service, CITIUS, University of Sevilla, Spain). To this end, slices 

were cut from as-fabricated and deformed samples and thinned to electron transparency by conventional 

mechanical polishing, dimpling and ion-milling. 

2.3 Mechanical characterization  

Parallelepipedic specimens of 5 x 3 x 3 mm in size were cut from the sintered pellets and used for mechanical 

testing. Compression tests were carried out in air at temperatures T between 1100 and 1325 ˚C (0.50 - 0.60 

Tm, where Tm = 2775 K is the melting temperature of BaZrO3) in a universal testing machine at constant cross-

head speeds between 5 and 50 µm/min, corresponding to initial strain rates  ε̇o  between 1.8x10-5 and      



1.8x10-4 s-1. Compressive tests were also conducted at constant load at nominal stresses between 50 and 100 

MPa in the same temperature range. The specimens were sandwiched between CSi pads in order to reduce 

the friction with the alumina punching rods of the deformation machine, which tends to cause plastic con-

strictions at the ends of the specimen. The data recorded at constant cross-head speed, load vs. time, were 

plotted as σ-ε curves, where ε is the true strain (ε = ln(lo/l), with lo and l the initial and instantaneous length, 

respectively) and σ is the true stress (σ = σo.e(−ε), with σo the initial stress). Data recorded at constant load, 

specimen height vs. time, were plotted as olog −   curves, where ε̇ is the instantaneous strain rate. 

 The mechanical data were analyzed using the standard high-temperature power law for steady-state defor-

mation [20] 

n -p Q
ε = Aσ d exp(-  )

RT
 

(1) 

where A is a parameter depending on the deformation mechanism, d is the grain size, n is the stress exponent, 

p is the grain size exponent, Q is the activation energy for creep and R is the gas constant. Two independent 

testing procedures were used to evaluate the creep parameters n and Q: the conventional method, in which 

different samples are submitted to identical experimental conditions but changing just one variable (strain 

rate, temperature or load) at a time; and the differential method, where a single specimen is submitted to up 

and down changes of one variable, keeping constant the others.  

3 Results and discussion  

3.1 Crystal  structure  

Fig. 1 shows the X-Ray diffraction (XRD) patterns of the calcined powders and sintered pellets of BZY, confirm-

ing the presence of the single perovskite phase with space group Pm3̅m in both cases. XRD patterns were 

fitted by the Le Bail method, resulting in a refined lattice parameter of a = 4.203(1) Å for the nanometric 

powder, in agreement with values previously reported for BZY with the same composition powders [21, 22]. 

The crystallite size, estimated from diffraction peak width by using the Scherrer law, was 15-20 nm. A slightly 

larger lattice parameter a = 4.223(2) Å was found in the sintered material. Duval et al. [22] also reported such 

an increase in lattice constant in BZY, which was associated with the incompleteness of the precursor-reaction 

formation at temperatures below 1250 °C [23] (the calcination temperature in the present work was 1000 °C). 

 

 



 

Fig.  1.  X-ray diffraction patterns of calcined powders and sintered pellets of BaZr0.85Y0.15O2.925. PDF-2002 
pattern for BaZr0.8Y0.2O3 is also shown. 

3.2 Microstructure of sintered BZY  

 

Fig. 2  shows SEM micrographs of polished and thermally etched BZY cross-sections revealing the microstruc-

ture of the material. Porosity is small, according to density measurements, consisting in pores below 100 nm 

in size located at multiple grain junctions. The grains exhibit an equiaxed shape without preferential orienta-

tion, with a mean form factor F = 0.79 ± 0.09 (Fig. 3a). The grain size distribution follows a log-normal law      

(Fig.  3b), as usually found in ceramics, with an average grain size of 0.20 ± 0.10 µm. 

 

Fig.  2 .  SEM micrographs of sintered BZY. 



  

Fig.  3 .  Morphological distributions of BaZr0.85Y0.15O2.925.  (a) Form factor; (b) Grain size. 

Fig. 4 shows representative TEM micrographs of as-sintered BZY. Grains are well faceted and equiaxed, without 

secondary phases along grain boundaries and triple grain junctions. Grains are often stressed, particularly the 

larger ones, showing a high density of dislocations arranged in tangles and also forming pile-ups and low-angle 

sub-boundaries. Such dislocation configurations indicate that grain boundaries are not efficient sites for dislo-

cation absorption, allowing a considerable strain energy to be accumulated by the grain structure. This feature 

may be at the origin of the poor sinterability of this compound. 



 

Fig. 4. TEM images of as-sintered BZY showing: (a) the overall grain structure, (b) and  (c) different dislocation 
arrangements in the larger-sized grains, and (d) the absence of secondary phases along grain boundaries.  

 

3.3 High-temperature mechanical  behavior  

The variation of true stress σ with true strain ɛ for different deformation conditions of temperature T and 

initial strain rate o are shown in Fig. 5. The material displays a gradual transition from a brittle-to-ductile 

regime as the temperature increases and/or the strain rate decreases. At 1100 °C, the lowest temperature 

studied, the sample failed catastrophically without undergoing any plastic deformation at a stress level of 825 

MPa (curve in yellow, Fig. 5a). A semi-brittle behavior was observed at 1175 and 1210 °C, where the samples 

underwent a relatively large plastic deformation of 15 – 25% before catastrophic failure. At higher tempera-

tures (Fig. 5a) and/or lower strain rates (Fig. 5b), the material displays extended steady states of deformation 

characterized by a positive and rather constant slope of the σ - ɛ curves; such a slope gradually decreases with 

increasing temperature or decreasing initial strain rate, as expected in compressive constant cross-head speed 

tests. Test were intentionally stopped at ɛ = 40% for subsequent microstructural observations.  



 

Fig.  5.  True stress σ - true strain ɛ curves for BZY deformed: (a) at an initial strain rate of 3.6x10 -5 s-1 as 
function of temperature; and (b) at 1325 °C as function of initial strain rate. Marks “x” indicate macroscopic 

specimen failure. 

The macroscopic aspect of the samples after deformation (Fig. 6) agrees well with the shape of the corre-

sponding mechanical σ - ɛ curves. At 1100 °C, the sample completely fractured into multiple small fragments, 

indicating the fast propagation of cracks throughout the entire volume of the samples. SEM observations of 

these fracture surfaces indicate an intergranular failure mode (Fig. 7a), as could be expected in a such very 

fine-grained material. At 1175 and 1210 °C, in the semi-ductile regime (curves in orange and red in Fig. 5a), 

the specimens underwent a strain-controlled delayed fracture, originated by damage accumulation. To deter-

mine the origin of this damage-tolerant regime, the test performed at 1175 °C (curve in orange, Fig. 5a) was 

repeated but voluntarily stopped at a strain of 10%, prior to failure. SEM observations of cross-sections parallel 

to the loading axis of this specimen (Fig. 7b) show a high density of microcavities along grain boundaries dis-

tributed throughout the sample; as strain proceeds, these stress-assisted microcavities coalesce into cracks 

leading to the final sample failure. These observations agree with the intergranular fracture mode noted above. 

 

Fig. 6. Macroscopic aspect of BZY samples deformed in compression at an initial strain rate of 3.6x10-5 s-1 and 
different temperatures: (a) 1100 °C, (b) 1175 °C, (c) 1235 °C, (d) 1290 °C and (e) as-prepared.  

 



 

Fig. 7. SEM micrographs of BZY samples deformed at different conditions: (a) fracture surface at 1100 °C and 
3.6x10-5 s-1; (b) deformed up to ɛ = 10% at 3.6x10-5 s-1 and 1175 °C (semi-brittle regime); and (c) deformed up 
to ɛ = 40% at 3.6x10-5 s-1 and 1235 °C (ductile regime). Note the different microcavitation between samples 

(b) and (c). Stress axis is vertical. 

At temperatures of 1235 °C and above, the samples deformed homogeneously with very little barreling (Fig. 

6c and d), in agreement with the well-established steady states of deformation. SEM observations of samples 

deformed in these steady-state conditions (Fig. 7c) show the lack of noticeable changes in grain morphology 

and porosity with respect to as-fabricated samples. No concurrent grain growth was found even at the highest 

temperature and lowest strain rate studied (1325 °C and 1.8x10-5 s-1, respectively, curve in grey in Fig. 5b): the 

corresponding grain size d and form factor F distributions measured at these conditions led to average values 

of d = 0.19 ± 0.08 µm and F = 0.80 ± 0.09, identical to those found in unstrained samples (d = 0.20 ± 0.10 µm 

and F = 0.79 ± 0.09). The lack of morphological changes during deformation suggests that grain boundary 

sliding is the dominant mechanism for steady deformation in this material, as found in other fine-grained ce-

ramics [24-31]. 

TEM observations performed on 40%-deformed samples in steady-state conditions (Fig. 8) showed that the 

grains remained equiaxed, without signs of cavitation along boundaries. The overall structure and density of 

dislocations are similar to those observed in unstrained specimens (Fig. 4), suggesting that dislocations do not 

play an important role in the steady-state deformation of BZY, the grains moving on each other as rigid bodies. 



 

Fig. 8. TEM images of BZY deformed up to 40% at an initial strain rate of 3.6x10 -5 s-1 and 1325 °C showing (a) 
the grain structure and (b) a dislocation pile-up inside a grain. 

 

3.4 Creep parameters  

The stress exponent n in steady-state conditions (Eq. 1) was estimated by different methods. Firstly, it was 

measured from isothermal σ - ɛ curves obtained at different initial strain rates (conventional method, Fig. 9). 

The stress exponent was measured at three different strain levels of 10, 20 and 30%, resulting values of n = 

2.2, 2.1 and 2.1, with an average value of n = 2.1 ± 0.1. The maintenance of the stress exponent value with 

strain indicates that no significant microstructural evolution took place during testing, in agreement with the 

morphological measurements noted above. For the sake of comparison, the creep behavior of 3 mol% yttria-

stabilized tetragonal zirconia 3YTZP (the most studied superplastic ceramic) with a grain size of 0.5 m is also 

shown in Fig. 9. It can be seen that the creep resistance of BZY is much higher than that of 3YTZP, even if the 

difference in grain size is not taken into account. 

 

 



Fig.  9.  Variation of strain rate vs stress for BZY at strain levels  of 10, 20 and 30%. Data for fine-grained (d = 

0.5 m) 3YTZP with n = 2, the reference material for superplasic ceramics, is also shown (dashed line) [25]. 

The stress exponent was also estimated from fast strain rate changes during isothermal tests (differential 

method), as illustrated in Fig.10 for BZY deformed at 1290 °C, which shows several jumps between 3.6x10-5 

and 1.8x10-5 s-1. The comparison of the steady-state flow stresses before and after the changes yields an aver-

age exponent of n = 2.1 ± 0.1, in excellent agreement with the value found by the conventional method.  

 

Fig. 10. True stress σ - true strain ɛ curve for BZY deformed at 1290 °C showing several determinations of n by 
strain rate changes. 

The creep activation energy Q (Eq. 1) was also measured by the two methods. Firstly, Q was obtained directly 

from the iso-strain rate curves obtained at different temperatures in steady state (conventional method, Fig. 

5a), resulting an average value of Q = 560 ± 40 kJ/mol. The same value of Q = 580 ± 50 kJ/mol was measured 

from up- and down-temperature changes performed during single iso-strain rate tests (differential method), 

as shown Fig. 11 where two determinations of Q by temperature changes are displayed (curve in black). Fig. 

11 also displays the corresponding isothermal tests (curves in green and light blue) superimposed to the dif-

ferential curve. As can be seen, the curves overlap fairly well at the same experimental conditions, indicating 

an excellent reproducibility of the high-temperature mechanical tests. 



 

Fig. 11. True stress σ - true strain ɛ curve for BZY deformed at an initial strain rate of 3.6x10 -5 s-1 showing two 

determinations of Q by temperature changes between 1270 and 1290 °C (in black). The corresponding iso-

thermal curves are also displayed (in green and light blue, respectively), which overlap well with the differen-

tial curve. 

In addition to constant strain rate tests, the creep parameters n and Q were also determined from tests per-

formed at constant load. Fig. 12 displays the log ε̇ -  curve obtained at 1280 °C showing several determinations 

of n by fast load changes. Stress exponents of 1.9, 2.0 and 1.9 were estimated, in excellent agreement with 

the values measured from constant strain rate tests. Two additional features should be noted from this figure: 

(i) the strain rates after up- and down-load changes remain rather constant, indicating the absence of signifi-

cant microstructural evolution during creep, in agreement with microstructural observations ; and (ii) the 

steady-state stages are reached immediately upon load changes, which is characteristic of a creep diffusion 

mechanism, contrary to what is expected for a dislocation-driven mechanism, where a dislocation substruc-

ture must be established prior to the attainment of the steady state.  

 



 

Fig.  12.  Creep curve plotted as log ε̇ against ɛ for BZY deformed at 1280 °C. Several determinations of n by 
load changes are shown. Note the absence of creep transients after changes. 

In a similar way, the creep activation energy Q was also measured from temperature changes during constant 

load tests, as illustrated in Fig. 13, where two determinations of Q between 1280 and 1250 °C at σ = 65 MPa 

are shown. An average value of Q = 560 ± 40 kJ/mol was found, in good agreement with the value deduced 

from constant cross-head speed tests. 

 

Fig. 13. Creep curve for BZY deformed at 65 MPa showing two determinations of Q by temperature changes.  

 

3.5 High temperature deformation mechanism  

The previous results show that the steady-state creep of fine-grained BZY with d = 0.2 µm can be confidently 

characterized by a stress exponent of 2.0 ± 0.1 and an activation energy of 570 ± 40 kJ/mol. This value of n, 



along with the absence of morphological modifications of the grains with strain and the lack of creep transients 

after stress or temperature changes, strongly suggest that grain boundary sliding is the primary deformation 

mechanism, with the grains sliding on each other to accommodate the macroscopic deformation of the spec-

imen. Such a mechanism has been widely reported in the creep of fine-grained ceramics with grain sizes below 

1 µm, such as alumina [27, 28], barium cerate [29], lanthanum silicate [30] and particularly, 3 mo% yttria-

stabilized tetragonal zirconia (3YTZP)[25, 31], the first ceramic material where such a behaviour was reported 

[24].   

Many different models with n = 2 have been developed to explain this behaviour based on different relaxation 

processes of the stresses generated by the sliding of the grains: dislocation motion inside the grains or along 

the grain boundaries, diffusional flow, interface-reaction-controlled diffusion, grain boundary migration, etc. 

[32]. Although none of them is able to explain successfully the body of experimental data in superplastic ma-

terials, they predict that diffusion either in the grain interior or along grain boundaries is the rate-limiting step 

for creep. From the analysis of a large variety of polycrystalline metallic materials with n = 2, Sherby et al. [32] 

derived two phenomenological relationships for grain boundary and lattice diffusion-controlled grain bound-

ary sliding: 
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where b is the Burgers vector, G is the shear modulus and Dlat and Dgb are the effective diffusion coefficients 

for lattice and grain boundary diffusion, respectively. The first equation has been shown to account for the 

creep behavior of fine-grained oxyapatite [30] and YBa2Cu3O7-x superconductor [33]; the second equation re-

produces adequately the experimental data of 3YTZP [25]. For this material, Swaroop et al. [31] have shown 

that an interface-controlled diffusion creep model developed by Schneibel and Hazzledine [34] expressed as: 


   
   
   

2 2

gb

B

33G b σ
ε = D

k T d G
 (3) 

(with  the grain boundary thickness) could also rationalized the experimental creep data. Such a model has 

not been used in this study because the grain boundary diffusivity Dgb derived from Eq. (3) for the present 

material is within a factor of 2 to that obtained from Eq. (2a).  



In compounds, the diffusion coefficients Dlat and Dgb in the previous equations are an effective “molecular” 

diffusion coefficient, which takes into account the transport of the various ionic species, and usually reduces 

to that of the slower moving species [31]. In yttrium-doped barium zirconate, oxygen diffuses much faster 

than cations, with a bulk activation energy of 115 kJ/mol [35]. The creep activation energy of 570 kJ/mol meas-

ured in this work can be thus associated with the diffusion energy of cations in 15 at% yttrium -doped barium 

zirconate. Sakinas et al. [36] have recently determined the tracer diffusion coefficients of Zr4+ and Ba2+ cations 

in polycrystalline, undoped BaZrO3 (97% relative density, d = 1.1 m), both in bulk and along grain boundaries. 

They found that Ba2+ diffuses much faster than Zr4+, regardless the diffusion path, and that the diffusion of 

both cations along grain boundaries is four orders of magnitude higher than lattice diffusion. The correspond-

ing activation energies were 300 - 360 and 400 - 440 kJ/mol for grain boundary and lattice diffusion, respec-

tively. These experimental diffusivities are shown in Fig. 14, along with the effective cation diffusivities de-

duced from the deformation experiments assuming either grain boundary Dgb (Eq. 2a) or lattice Dlat (Eq. 2b) 

diffusion-controlled creep; a Burger vector b = 3 Å and shear modulus G = 70 GPa [37] have been used in the 

calculations. It can be seen that the cation diffusivities measured in the diffusion experiments are two orders 

of magnitude higher than the effective values derived from creep tests, regardless the diffusion path; the 

corresponding diffusion energies are also smaller than the value of 570 kJ/mol found in this study.  

 



Fig.  14.  Effective diffusion coefficients Dcr
lat and Dcr

gb for fine-grained 15 at% yttrium-doped barium zirconate 

(BZY) deduced from deformation data by using Eqs. 2a and 2b (in black). Cation tracer diffusion coefficients 

of Zr4+ and Ba2+ in undoped BaZrO3 (BZ) [36] are also included (in blue). Tracer diffusion coefficients of Zr4+ 

(the creep rate-limiting species) in 3YTZP [31] (in red) are also shown for comparison. (lat = lattice diffusion, 

gb = grain boundary diffusion). 

The differences in diffusivities deduced from the diffusion and creep studies can be rationalized, at least qual-

itatively, by considering the effect of yttrium doping on the self -diffusivities of the host cations, since the dif-

fusion experiments were performed in undoped barium zirconate, whereas the creep tests have been carried 

out on a 15 at% yttrium-doped material. Due to the lack of diffusion data on doped barium zirconate, a com-

parison with other ceramic oxides seems to be pertinent in this context.   

In yttria-stabilized zirconia, the most studied ceramic oxide during the last three decades, oxygen diffuses 

much faster than cations in both lattice and grain boundaries, the creep rate being thus cation -diffusion con-

trolled [25], as in the present material. Experimental and theoretical studies have shown that yttrium segre-

gates to grain boundaries [38-41] with an enrichment factor that increases with decreasing dopant content, 

being maximal for tetragonal zirconia (stabilized with < 4 mol% yttria) and minimal for cubic zirconia (stabilized 

with > 8 mol% yttria). Such an yttrium segregation has been related with the rather sluggish grain growth 

found in tetragonal zirconia compared with cubic zirconia [25, 31] ], which may reflect a decrease in the diffu-

sivities of the slower moving species (zirconium cations). Similarly, it has been reported that yttrium and zir-

conium segregate to grain boundaries in doped alumina, strongly decreasing the creep rates even down to 

more than two orders of magnitude with respect to the pristine material [27, 42, 43]; this feature was again 

correlated with a decrease in diffusivity of the rate-controlling species for creep.  

In the present material, both numerical and experimental studies have also reported the segregation of yt-

trium cations at grain boundaries [44-47], as found in zirconia and alumina. It is therefore plausible that the 

kinetics of cation transport in yttrium-doped barium zirconate is slower than in the undoped material, explain-

ing the differences in diffusivities. This suggestion is also supported by two additional features: 

(i) Comparison of the absolute values of the creep rates in the present material and in fine-grained 3YTZP (Fig. 

9) shows that zirconia is the softer material, even if the difference in grain size (d = 0.5 µm for 3YTZP, d = 0.2 

µm for BZY) has not been considered in such a comparison; the difference increases in a factor between 6 and 

15 depending on value of the grain size exponent p in Eqs. 2 and 3). Because both materials have a similar 

shear modulus G (70 GPa for BZY [37], 58 GPa for zirconia [31]) and Burger vector (~ 3 Å for BZY and zirconia), 

Eqs. 2 and 3 imply that the diffusivity of the rate-controlling species in BZY must be lower than in 3YTZP, as 

experimentally found on the contrary, the use of the diffusivities for undoped barium zirconate in Eqs. (2) and 

(3) would result in a BZY material softer than zirconia. 



(ii) Along with creep, other mass transport-controlled processes such as sintering, densification and grain 

growth, are intimately related to the diffusion of the slowest moving species. It has been shown that the sin-

tering of yttrium-doped barium zirconate is more demanding than in the undoped material, resulting in lower 

grain sizes and densities for similar experimental conditions [36, 48-50], suggesting again that yttrium-doping 

decreases the diffusivity of zirconium cations. 

Regarding the activation energy for creep Q = 570 kJ/mol = 5.9 eV found in this work, it is not possible to 

elucidate directly from the deformation data whether it corresponds to volume or grain boundary diffusion. 

In the above-mentioned studies on creep in doped zirconia and alumina, activation energies higher than in the 

undoped materials were systematically reported, which correlates with the increase in Q found in this work 

with respect to undoped barium zirconate. Moreover, creep studies in perovskite-structured oxides, though 

scarce, have reported activation energies between 490 and 750 kJ/mol (490 kJ/mol in BaCe0.95Y0.05O3 and 

BaCe0.95Yb0.05O3 [29, 51], 630 kJ/mol in SrTiO3 [52], 490 kJ/mol in La0.9Sr0.1MnO3 [53], 520 kJ/mol in 

La0.8Sr0.2Ga0.85Mg0.15O3 [54], 470 kJ/mol in SrCo0.8Fe0.2O3 [55], 750 kJ/mol in CaTiO3 [56] and 720 kJ/mol in Ba-

TiO3 [57]), which were associated with cation lattice diffusion. The present Q value compares adequately with 

these energies, suggesting that cation lattice diffusion is also the rate-limiting mechanism. The determination 

of the grain size exponent p, usually with p = 3 for grain boundary diffusion (Eq. 2a) and p = 2 for lattice diffu-

sion (Eq.2b), would help to determine the diffusion path. However, the excellent microstructural stability 

against temperature exhibited by the material prevented different grain sizes from being obtained. For in-

stance, Shirpour et al. [45] reported the absence of grain growth in BZY after annealing at 1700 °C for 24 h; 

also, the creep curves showed in Fig. 12 and Fig. 13 lasted more than one week, without modifications in grain 

parameters. New studies are therefore necessary to characterize the diffusion properties of acceptor-doped 

barium zirconates. 

 

4 Conclusion 

High dense and very fine-grained 15 at% yttrium-doped barium zirconate (BZY) polycrystals have been fabri-

cated by a conventional sintering route starting from nanopowders synthesized by a modified EDTA - citrate 

complexing method. XRD analyses detected the presence of the single Pm3̅m perovskite phase in both the 

nanopowders and the sintered material. The microstructure is formed by fine and equiaxed grains with an 

average size of 0.20 m. Mechanical tests have been performed at constant strain rate and at constant load 

in compression at temperatures between 1100 and 1325 °C (0.46 - 0.58 homologous temperature) in air. A 

transition brittle-to-ductile has been found with increasing temperature and/or decreasing strain rate. Ex-

tended steady states of deformation were attained in the ductile region, characterized by a stress exponent n 



of 2 and an activation energy Q of 570 kJ/mol. The value of n, along with the absence of creep transients and 

modifications in grain shape after testing, suggests that grain boundary sliding is the primary deformation 

mechanism. The effective diffusivities deduced from mechanical data are about two orders of magnitude 

lower than the cation diffusivities measured in undoped barium zirconate. The difference is suggested to be 

due to yttrium segregation at grain boundaries, as found in yttrium-doped alumina and zirconia ceramics, 

which confers to the material an excellent microstructural stability and creep resistance at high temperatures. 

Based on deformation data for other perovskite oxides, it is more likely that volume diffusion would be the 

creep rate-limiting step. 
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